Abstract: All-solution-processed flexible organic solar cells (FOSCs) with high power conversion efficiency (PCE) are the prerequisite for application in low-cost, large-area, flexible, photovoltaic devices. In this work, high-performance, top-illuminated FOSCs using ultrathin Ag-modified graphite-coated poly [6,6]-phenyl-C7l-but-yric acid methyl ester, having a bilayer of MoO x /Ag upper transparent anode is demonstrated. Top-illuminated FOSCs with a transparent upper electrode of solutionprocessed Ag nanowires also yielded a PCE of 3.76%. Allsolution-processed FOSCs exhibit excellent mechanical flexibility and retain >81% of the initial efficiency after 500 cycles of bending test. Furthermore, graphite-based electrodes demonstrate good heat-insulation properties. The outcomes of this work offer an alternative to fabricate high-performance, all-solution-processable, top-illuminated FOSCs, providing a commercially viable approach for application in large-area solar cells that can be prepared by printing and roll-to-roll fabrication processes.
Introduction
Flexible organic solar cells (FOSCs) with a bulk heterojunction (BHJ) structure are considered to be the next-generation renewable and clean energy conversion technology because of their advantages of mechanical flexibility, light weight, rapid energy payback time, and low-cost solution fabrication processability [1] [2] [3] [4] . FOSCs with a regular cell structure are often made on indium-tin-oxide (ITO)-coated poly(ethylene terephthalate) (PET) and transparent, flexible plastic substrates, and have reasonably good visible light transparency, proper work function, and good conductivity [5] [6] [7] [8] . However, ITO-based flexible transparent substrates have some limitations because the ITO electrode is fragile and indium is not abundant on earth, restricting its potential for application in large-area, flexible solar cells [9, 10] . Therefore, there is an urgent need to develop an alternative technology to replace ITO for FOSCs. Different materials have been investigated, including carbon nanotubes, graphene, conducting polymers, and metallic nanowires (NWs) [11] [12] [13] [14] .
Another promising strategy to overcome the aforementioned limitations is to develop FOSCs with a top-illuminated cell architecture using an opaque, flexible substrate and a reversal of the illumination direction [15] , using, e.g. stainless steel foils, paper, or textiles, for making flexible solar cells [16] [17] [18] . In top-illuminated FOSCs, the cathode or the electron extraction layer (EEL) is below the BHJ, resulting in stable device performance [19] . A top-illuminated OSC with a power conversion efficiency (PCE) of 1.04%, which is based on the blend of poly(3-hexylthiophene): [6, 6] -phenyl-C61-butyric acid methyl ester (P3HT:PC 61 BM), using a pair of upper thin Ag films and a bilayer Al/AgO x bottom electrodes, has been reported [20] . Jung et al. developed a nanostructured, back-reflective Ag electrode for enhancing the efficiency of top-illuminated OSCs. On incorporating plasmonic-assisted electrodes into the P3HT:PC 61 BM blend system, the cell efficiency increased from 2.91 to 3.35% compared to devices using a planar bottom electrode [21] . A dielectric/metal/ polymer top transparent electrode, with a low-refractiveindex poly(dimethylsiloxane) (PDMS) optical out-coupling layer, for top-illuminated FOSC with a PCE of 6.75%, based on the polythieno [3,4-b] thio-phene/benzodithiophene: [6, 6] phenyl-C70 butyric acid methyl ester blend system, was also reported [22] . However, employing the Ag bottom electrode is still a limitation for fabricating FOSCs with its inherent shortcomings such as the relatively brittle nature of the thin Ag contact, easy oxidation, and the involvement of highcost fabrication processes [23] .
A graphite-coated PET substrate is an attractive candidate for high-performance, flexible optoelectronic devices because of its good electrical conductivity, excellent mechanical flexibility, heat rejection, and chemical stability, and low cost [24] [25] [26] . However, direct use of graphite/PET has some limitations such as its low reflectivity. Therefore, further efforts are needed to modify the surface properties of the graphite/PET substrate before it can be used for application in top-illuminated FOSCs. This aside, the efficiency of the top-illuminated FOSCs reported today is still relatively low compared with that of the FOSCs with a regular device configuration [20, 27, 28] . In addition, it is reported that heat rejection of solar cells plays an important role in the overall performance of photovoltaic-based devices and can significantly affect the overall heating, lighting, and cooling costs of a building [29] [30] [31] . It is therefore necessary to get deep insight into the heat-insulation properties of graphite-based electrodes.
In this work, we report our effort to develop highperformance, top-illuminated FOSCs using a combination of a PDMS-Ag-nanowire (Ag NWs) upper transparent electrode and an ultrathin Ag-modified graphite-coated PET substrate. A PCE of 5.31% was achieved for the topilluminated FOSC having a 12-nm-thick Ag upper electrode. More encouragingly, a PCE of 3.76% was obtained for all-solution-processable FOSCs with a PDMS/Ag NWs transparent upper electrode, based on a blend of poly [4,8- 2 , and a fill factor (FF) of 63.24%. The all-solution-processed devices with a PDMS/Ag NWs upper contact also exhibited much improved operation stability and high mechanical flexibility compared to FOSCs with a vacuum-prepared bilayer MoO x /Ag (12 nm) transparent upper electrode, retaining over 81% of the initial PCE after 500 cycles of bending tests (bending radius, r = 4 mm), giving a promising approach for large-area FOSCs that can be prepared using blade-coating and roll-to-roll manufacturing techniques. Finally, the heat-insulation properties of graphite-based FOSCs were studied, which resulted in better performance compared to that of the commonly used Ag electrode.
Results and discussion

Characterization of the ultrathin,
Ag-modified graphite electrode Figure 1A shows the overall fabrication process of the ultrathin, Ag-modified graphite electrode. The performance of the top-illuminated FOSC was optimized by adjusting the thickness of the ultrathin Ag layer deposited on the graphite electrode. Figure 1B and C shows the reflectivity and the corresponding sheet resistance of graphite electrodes as a function of the thickness of Ag modification layer (0, 0.5, 1, and 2 nm). The inset of Figure 1C shows a photo taken of a bent graphite film. The ultrathin, Ag-modified graphite surface helps in increasing internal reflection, thereby enhancing the absorption in the active layer. A bare graphite film has an average reflectivity of 30.1%, while graphite films modified by Ag films with thicknesses of 0.5, 1, and 2 nm have an average reflectivity of 38.3, 57.9, and 59.4%, respectively, over the wavelength range 400-800 nm. The reflectance spectrum of the Ag film (120 nm) on the PET substrate is shown in Figure S1 . The sheet resistance of the ultrathin, Ag-modified graphite, measured with a four-point probe, shows a gradual increase with increase in the Ag layer thickness. As shown in Figure 1C , the bare graphite film has a sheet resistance of 3.55 Ω/sq, while graphite films modified with Ag films of 0.5, 1, and 2 nm have sheet resistances of 3.78, 3.82, and 4.09 Ω/sq, respectively.
An ideal opaque bottom electrode with high light reflectivity across the visible spectrum and high conductivity for charge extraction is desired for FOSCs [32, 33] . Therefore, to balance the sheet resistance with the optical reflectivity, we defined a figure of merit (FOM), which was introduced to characterize the optical and electrical performance of the opaque bottom electrode; it is defined as Q FOM = R f /R s , where R f is the reflectivity and R s is the sheet resistance [34, 35] . Q FOM for a bare graphite film was 0.85 × 10 /Ω, respectively, as shown in Figure S2 . As a result, the graphite electrode modified with 1-nm-thick Ag gave the highest FOM.
As a highly flexible conducting film, this modified, opaque graphite electrode showed excellent mechanical properties, including strong mechanical robustness and good stability in air [36] . It is known that the chemical stability of the electrode films is one of the most important factors determining the performance of FOSCs. As shown in Figure 1D , the change in the conductivity of the graphite film exposed to air over 30 days was monitored by measuring its sheet resistance once for every 2 days. R s of the graphite electrode showed negligible variation within the entire duration of air exposure, attributable to its excellent chemical stability compared to that of Ag (120 nm)/PET. Furthermore, a bending test was performed, which included convex and a concave compression with a bending radius of 4 mm, and the sheet resistance of the sample was measured every 50 bending cycles. The flexibility of Ag (120 nm)/PET substrate was also tested as reference. The conductance of the graphite electrode was almost unchanged after 500 cycles of the bending test, while the change in the sheet resistance was <10%, as shown in Figure 1E , indicating good adhesion between the modified graphite film and the substrate, which is resistant to bending fatigue. In contrast, the sheet resistance of the Ag (120 nm)/PET substrate increased significantly compared to that of the thin-film graphite electrode, which increased by almost 10 times after 500 cycles of the bending test. The increase in R s for the Ag film electrode most likely originated from its brittleness and tiny cracks formed during the bending test.
In order to get further insight into and a better understanding of the morphology of the Ag-modified graphite electrode, the formation of the nanostructured Ag ultrathin films was characterized using scanning electron microscopy (SEM). Figure 2 shows that the ultrathin, Ag-modified layer formed on the surface of the graphite electrode did not result in a continuous film but formed randomly distributed discrete Ag nanoparticles (NPs). Figure 2A shows the reference graphite film with a 1-nm-thick Ag layer. The ultrathin Ag layers tended to form isolated nuclei following the Volmer-Weber growth mode [37] . In this growth mode, Agadatom interactions are stronger than the adatom-surface interactions, leading to the formation of three-dimensional adatom islands or NPs. Hemispherical Ag NPs were randomly distributed on the surface of the thin-film graphite electrode, with their diameter ranging from 7.2 to 20.1 nm. Figure 2B shows the graphite substrate with a 2-nm-thick Ag film, where similar Ag NPs were observed with a higher density and a diameter ranging from 7.8 to 26.9 nm. Figure 3A shows a schematic of the flexible device architecture as well as the chemical structures of the active materials. Figure 3B shows the J-V characteristics of the top-illuminated FOSCs measured under AM 1.5G illumination. The reference Device A showed a PCE of 3.45% with a V oc of 0.78 V, a J sc of 7.06 mA/cm 2 , and an FF of 63.01%. A higher PCE of 3.92% was obtained for Device B using the Ag (0.5 nm)-modified graphite electrode, while that of the Device C with the Ag (2 nm)-modified graphite electrode was 5.20%. The highest PCE of 5.31% was obtained for Device C with the Ag (1 nm)-modified graphite electrode, giving a V oc of 0.77 V, J sc of 10.12 mA/cm 2 , and FF of 68.31%. Such results are consistent with the optimized FOM value of the Ag-modified graphite electrode. A summary of the cell parameters measured for different FOSCs as well as the standard deviations of the results obtained by statistical analysis are given in Table 1 . The external quantum efficiency (EQE) spectra in Figure 3C reveal that the significant improvement in the entire visible range is responsible for the higher PCE of the FOSCs with the ultrathin, Ag-modified graphite electrode. Considering the same batch processing for the topilluminated FOSCs, there is substantial improvement in the PCE of the OSCs with the Ag (1 nm)-modified graphite electrode as compared to that of the reference cells; the remarkable increase in J sc can be attributed to a combination of enhanced absorption and suitable electrical conductivity in top-illuminated FOSCs with the Ag (1 nm)/ modified graphite bottom electrode. Notably, this is the first report on top-illuminated FOSCs using a graphitecoated PET substrate, delivering the highest PCE for OSCs using the graphite electrode [38] [39] [40] .
Optimization of FOSC device performance
Finite-difference time-domain (FDTD) simulations of the optical absorption versus the different Ag thicknesses deposited on the graphite substrate were performed to get a better understanding on the influence of the Ag NPs on the absorption of light in the active layer. We have taken as reference the incident flux of light after the Ag NW film and the MoO x layer. The key point is what happens after these layers, i.e. what is the influence of the decorated graphite back-contact on the absorption in the active layer versus the plasmonic effects (i.e. local electric field enhancement) around the Ag NPs. Finally, we assumed that no light is reflected at the graphite-air interface (there is 2.5% absorption per atomic plane for graphite) and added a PML (perfectly matched layer) at the rear face of the structure. SEM analyses of the Ag NP arrays versus the initial Ag thickness allowed us to measure the average distance between the Ag NPs as well as their diameters. Figure 4 gives the evolution of the light absorption in the active layer versus the Ag NP arrays. Compared to the bare graphite, better absorption is observed between 400 and 700 nm, which is in agreement with the previous EQE measurements.
Two peaks appear around 500 and 625 nm in the absorption spectrum of Figure 4 , which are associated with surface plasmon (SP) resonance of individual and coupled Ag NPs. The contribution of individual and coupled Ag NPs depends on the distribution of Ag NPs. Based on simulation of Karg et al. [41] , the peak around 500 nm could be attributed to SP resonance of a single NP, whereas the other one, around 625 nm, could be attributed to coupled NPs. For single NPs, the resonance frequency varies with the NP diameter, with a red shift as the diameter increases. Our simulation has been performed with a diameter of 11 nm for Ag NPs (the average value deduced from Figure 2 ), but there is also contribution to lower and higher frequencies since the diameter distribution of the Ag NPs ranges from 7.2 to 20.1 nm. For coupled NPs, the resonance could vary from 400 to 600 nm [41] . Therefore, the contributions of single and coupled NPs overlap. Moreover, An et al. [42] have studied the SP effect in topilluminated polymer solar cells with nanostructured Ag rear electrodes. Several times enhancement of the absorption around 400 and 550 nm was observed, which was attributed to SP resonances that confine the light within the active layer. They showed the local enhancement of the electric field around the NP and in the active layer, leading to the same conclusion given in this work. On the basis of the above results, a pair of Ag (1 nm)-modified graphite bottom electrode and a solutionprocessed, PEDOT:PSS-modified Ag NWs/PDMS upper transparent electrode were optimized for the top-illuminated FOSCs. The spectral transmittance of the transparent electrode with Ag NWs and PDMS coated on PET substrates is shown in Figure S3 . The PEDOT: PSS hole extraction layer was adopted. The SEM image of Ag NWs/ PDMS upper contact is shown in the inset of Figure 5A . The typical J-V characteristics and the EQE measured for the top-illuminated FOSCs (Device E) are shown in Figure 5A and B, respectively. The devices yielded the best PCE of 3.76% with a V oc of 0.76 V, J sc of 7.83 mA/cm 2 , and FF of 63.24%. Such results are very encouraging when compared to previously reported results [30, 43] . Statistical results of the device performance are provided as histogram charts in Figure S4 . It is anticipated that the all-solution-processed FOSCs will offer an opportunity for large-area solar cells fabricated through printing and rollto-roll manufacturing processes [44, 45] .
Stability, flexibility, and heat insulation properties of FOSCs
Long-term stability is of crucial concern for practical application of organic photovoltaic devices. The air stability of the top-illuminated FOSCs made with an Ag NW/PDMS upper electrode was examined, with the devices being kept under air conditions in the dark, as shown in Figure 5C . The device exhibited superior air stability, retaining almost 80% of its initial PCE after exposure to air for an extended period of over 10 days. The use of the upper PDMS layer in the FOSCs is favorable for improved operation stability, creating a barrier that protects the underlying functional layers and preventing moisture ingress, leading to slow degradation. The all-solution-processed, top-illuminated FOSCs also retained over 81% of their initial PCE during the bending test using a radius of 4 mm convex and concave compressions for 500 bending cycles, as shown in Figure 5D . Finally, we went one step further to evaluate the capability of the graphite electrode for reducing the temperature under illumination. An infrared lamp was used to heat a thin metal object, while a PET substrate coated with Ag film (120 nm), graphite film, or a top-illuminated FOSC device was placed between the lamp and the metal to test the heat-insulation properties of different electrodes. Thermal images of the metal were recorded using an infrared camera, which are shown in Figure 6 . After the same illumination, the temperature of the metal object reached approximately 35.2°C when the Ag electrode/PET was used, while it became almost 10% lower at 31.6°C for graphite electrode/PET. The thermal conductivity coefficient for the graphite electrode (κ graphite = 100-150 W/m K) is much lower than that of Ag film (κ Ag = 429 W/m K), so the heat-insulation property of the graphite electrode is better than that of the Ag electrode. Finally, the graphite-based, top-illuminated FOSC device gave a temperature of 31.3°C, confirming the good heat-insulation property of the graphite electrode. These results illustrate that the proposed graphite-electrode-based, top-illuminated FOSCs can effectively reduce the solar heat flux and can potentially be used as a powergenerating and heat-control device by sticking them to the walls to provide electricity and also keep the interior temperature of buildings low. 
Conclusions
In conclusion, we have investigated graphite films that can be employed as excellent flexible bottom electrodes for highly efficient top-illuminated FOSCs. When an optimized 1-nm-thick Ag layer was deposited on the graphite film, the electrode exhibited high reflectance of visible light between 400 and 800 nm and ultralow sheet resistance. At the same time, the material costs are much lower than those of conventional opaque metal films. Additionally, the presented electrode system is highly flexible, with an almost constant conductivity down to a bending radius of 4 mm, showing great potential of replacing these metal electrodes for low-cost, reliable, and roll-to-roll processing. Single-junction, top-illuminated PTB7-Th: PC 71 BMbased FOSCs employing Ag NP-modified graphite film as bottom electrode showed superior performance and achieved 5.31% efficiency. It was shown that the modified electrodes investigated in this study can replace the Ag film and fill the lack of high-performance flexible, opaque, conductive bottom electrodes, which are particularly important for large-area roll-to-roll-processed OSCs. Furthermore, based on the graphite bottom electrode, all-solution-processed FOSCs were fabricated using Ag NWs as the top electrode, and the impressive performance of the solar cell with a PCE of up to 3.76% was demonstrated. The stability and flexibility of the fully solutionprocessed, top-illuminated FOSCs were also greatly enhanced, and the good heat-insulation properties of graphite-based the FOSC were demonstrated. The novel design concept presented in this work is expected to open a new avenue for the penetration of cost-efficient FOSCs toward commercialization.
Experimental section
General information
Chlorobenzene, molybdenum oxide (MoO x ) (99.99%), and ZnO NPs/ethanol solution were obtained from Sigma Aldrich (St. Louis, MO, USA). Poly(3, 4-ethylenedioxy-thiophene) doped with poly(styrenesulfonate) (PDEDOT:PSS) was obtained from Heraeus, Germany. Ag NW solution was purchased from BlueNano Company (Cornelius, NC, USA), with the average diameter of 90 nm and length of 30 μm. PTB7-Th and PC 71 BM were purchased from Luminescence Technology Corp. (Taiwan, China). All chemicals and regents were used as received from commercial sources without any further treatment.
Fabrication of bottom graphite electrode
Graphite thin-film electrode was fabricated following the processes described in our previous work [46] . The graphite substrate was cleaned by soaking it in concentrated sulfuric acid for 20 min. PDMS base and cross-linker were mixed in the weight ratio of 10:1, and the mixture was stirred for 1 h to remove the air bubbles in the solution. Subsequently, the PDMS layer was spin-coated on the PET substrates (2.6 × 3.1 cm 2 ) and cured at 80°C for 5 h in air. The thin-film graphite electrode was patterned using a millimeter cutting machine, and the patterned thin-film graphite electrode was then transferred onto the PDMS film. In the patterning process, a photoresist spacing layer was spin-coated on the graphite surface to prevent contact between the graphite film and the compressor. The graphite electrode was covered by two clean glass substrates, and the sandwich structure was transferred onto the compressor. A flat-plate pressure of 0.6 MPa for 60 s was applied to embed the graphite into the soft PDMS layer. After pressing, the photoresist spacing layer was removed using acetone, and the prepared graphite films were dried at 90°C for 1 h. The Ag film was then deposited on graphite by evaporation in a high-vacuum thermal evaporation chamber. The layer thickness was precisely controlled in situ by using a quartz crystal monitor. Preparation of the PET-PDMS/graphite substrate is schematically illustrated in Figure 1 . The surface images of ultrathin, Agmodified thin-film graphite electrodes were recorded using a scanning electron microscope (HITACHI S-4800). The sheet resistance (R s ) was measured with a four-point probe, while the reflectance spectra were measured under standard measurement conditions on a 7-SCSpec solar cell measurement system (7-STAR Co., Japan).
Fabrication of top Ag NWs electrode
An isopropanol dispersion of Ag NWs (5 mg/mL) was spin-coated at 1000 rpm for 60 s on the PDMS film and then annealed at 80°C for 30 min. The PDMS mold was prepared based on the method described in the previous work. Then, PEDOT: PSS was spin-coated on top of the Ag NWs film on the PDMS mold. The electrode was contacted with copper foil. Finally, the entire architecture was transferred and pressed using a variable-pressure press from the top of the active layer.
Fabrication and characterization of FOSCs
The PTB7-Th: PC 71 BM blend solution was prepared by dissolving 10 mg of PTB7-Th and 15 mg of PC 71 BM in 1 mL of chlorobenzene. This solution was mixed with 3% ODCB (volume ratio) and stirred at 60°C for 24 h in a nitrogenpurged glove box with O 2 and H 2 O levels <0.01 ppm. For the fabrication of flexible OSCs, the PET substrates were cleaned in an ultrasonic bath sequentially with deionized water, ethanol, and isopropanol, each for 90 min. A ~40-nm-thick ZnO EEL layer was then spin-coated on the clean substrates using the ZnO NP/ethanol solution followed by annealing at 100°C for 20 min in air to remove the residual ethanol. The substrates were then transferred into a glove box, and a ~100-nm-thick PTB7-Th: PC 71 BM photoactive layer was deposited on the ZnO EEL using a spin-coating process in the glove box. Finally, the samples were transferred to a vacuum chamber with a base pressure of 1 × 10 −6 mbar for deposition of MoO x (5 nm) and Ag (12 nm) layers by thermal evaporation. The deposition rates for the MoO x and Ag were typically 0.05 and 0.02 nm/s, respectively. The FOSC had an illumination area of 0.04 cm 2 , defined by the overlap area between the graphite electrode and the upper contact. The results presented in this work are averaged from a set of 20 devices.
The current density versus voltage (J-V) characteristics of the top-illuminated FOSCs were measured using a programmable source meter (Keithley 2400) under illumination of 100 mW/cm 2 with AM 1.5G simulated solar spectrum from a solar simulator. The EQE spectra of the devices were measured under standard measurement conditions on a 7-SCSpec solar cell measurements system. Thermal images were recorded by an infrared camera (FLIR T630sc). The FOSCs were not encapsulated, and the measurements were conducted under ambient conditions. The mechanical flexibility of the FOSCs was measured using a custom-made bending test system.
Optical simulation of nanostructures
FDTD simulations were performed using a commercially available package from Optiwave to simulate the optical absorption of the samples. The OptiFDTD software is based on the FDTD algorithm proposed by Yee in 1966 and was applied in our previous work [47, 48] , which introduced a modeling technique with second-order central differences to solve the Maxwell equations by applying a finite difference approach. The FDTD algorithm can directly calculate the value of E (the electric field intensity) and H (the magnetic field intensity) at different points of the computational domain. The excitation field is a Gaussianmodulated continuous wave with the center wavelength of 550 nm.
